The ryanodine receptor (RyR) functions as the calcium release channel of the sarcoplasmic reticulum activated by electromechanical coupling in skeletal and cardiac muscles. In smooth muscle, inositol trisphosphate releases calcium from internal stores during pharmacomechanical coupling, but these cells also contain ryanodine-sensitive calcium stores. In this study, we establish the presence of anti-RyR antibody binding sites in vascular and endocardial endothelium. Both types of endothelia also contain messenger RNA, which hybridizes to a cardiac RyR isoform cDNA probe. Western blots of endothelial cell homogenates demonstrate the presence of a single, high molecular weight band of protein that corresponds to the cardiac RyR isoform. Confocal micrographs of endothelial cells labeled with a specific anti-RyR antibody reveal an intense fluorescent signal surrounding the nucleus and distributed in a nonhomogeneous pattern throughout the cytoplasm. This pattern of fluorescence is consistent with the electron microscopic distribution of the endoplasmic reticulum. 
that is similar to the sarcoplasmic reticulum of smooth muscle9 and can accumulate divalent cations. 10 The Ca' content of this compartment can also be depleted by inhibitors (e.g., thapsigargin, a specific inhibitor of intracellular calcium pumps; see References 11 and 12) of the ER Ca' pump.5
The ryanodine receptor (RyR[s] ) is the channel through which Ca>2 is released during normal excita-tion-contraction coupling (electromechanical coupling) in skeletal and in cardiac muscle. 13 In smooth muscle (reviewed in References 14 and 15) and in nonmuscle cells,16 the inositol 1,4,5-trisphosphate receptor is the major functional Ca'+-release channel involved in pharmacomechanical coupling,14'7 but these cells may also contain RyRs. We now show the presence of RyRs in the endothelium of both the vasculature and endocardium, suggesting that these channels also play a role in endothelial signal transduction.
Materials and Methods Tissue Preparation
Adult male guinea pigs (approximately 350 g, obtained from Hilltop Laboratory Animals, Scottdale, Pa.)
were killed with an overdose of halothane anesthesia and then exsanguinated, following a protocol approved by the 
Anti-RyR Antibodies
A sequence-specific antibody (anti-RyR 8) was prepared against a synthetic peptide corresponding to a known ryanodine receptor amino acid sequence (20 amino acids, 4,681-4,700),23 C-LEFDGLYITEQPGD-DDVKGQ. A cysteine was added to the N-terminal end so that it could be specifically linked to keyhole limpet hemocyanin (Calbiochem, La Jolla, Calif.) via lysines using the bifunctional agent m-maleimidobenzoyl-N-hydroxysuccinimide ester. The antigen was injected into rabbits using the protocol of Gonatas et al. 24 Affinitypurified antibody was prepared from the antiserum. 25 The sequence was selected because of its similarity to the heart RyR (86% identity) and was found to react strongly with dog heart RyR by dot blot and Western blot analyses.
The specificity of the resulting anti-RyR 8 antibody was determined by immunoblots of purified skeletal RyR, skeletal terminal cisternae, and cultured bovine aortic endothelial cell membrane preparations. Membrane preparations were isolated as follows: tissues were gassed with 95% 0O-5% CO2 (cardiac tissue). The pulverized using approximately 1 g/10 ml buffer of frozen Lesh et al Endothelial Ryanodine Receptors 483 tissue sample with a mortar and pestle kept cold with dry ice and added to homogenization buffer (10 mM Tris-Cl, pH 8.0, 20 gg/ml leupeptin, 20 pug/ml aprotinin, 2 mM phenylmethylsulfonyl fluoride, and 3.6 mg/ml iodoacetamide) on ice. Tissue culture samples were simply scraped and added to homogenization buffer. Samples were added to 10 ml homogenization buffer and placed on ice for 8-10 minutes with frequent gentle mixing. Samples were homogenized in a Waring blender (pulsed for 30 seconds to 1 minute) at high speed. Ten microliters of 1 M NaCI/ml and 5 ,ul of 1 M MgCI2/ml were added, and the homogenates were mixed by inversion and left on ice.
Homogenates were centrifuged at 1,000 rpm for 1-3 minutes in a low-speed centrifuge (Beckman Instruments, Inc., Fullerton, Calif.) to pellet debris. Homogenate (5 ml) was layered over a 10-ml cushion of 45% sucrose in 10 mM Tris-Cl, pH 8. Samples were centrifuged for 20 minutes at 6,500 rpm in an SW28 rotor. The supernatant was discarded, and the membrane was added to 10 mM Tris-Cl buffer and gently inverted to mix. The homogenate was pelleted by centrifugtion at 10,000 rpm for 10 minutes in an SW28 rotor. The pellet was resuspended in 1 ml homogenization buffer and stored at -80°C. Terminal cisternae and RyR were purified as previously de Figure 1 is a Westem blot of crude rabbit heart homogenate. bovine endothelial cell homogenate, purified rabbit cardiac RyR, and`N-labeled myosin (as a molecular weight marker). One molecular weight species is demonstrated in the rabbit heart and endothelial cell homogenates, which correspond to the position of the purified cardiac RyR. No other bands were detected in the crude cardiac or endothelial cell homogenates using this antibody, indicating the specificity of the antibody for the cardiac (and skeletal muscle [not shown in Figure 1] of that seen in aortic endothelium. Both images were collected at the same magnification as in Figure 2 . The distribution and morphology of the fluorescent signal is quite different from that seen with anti-RyR labeling (Figure 2 ), because the latter presumably represents labeling of RyR peptides in the ER of the cell.
Electron Microscopy of Endothelium Treated With Osmium Ferrocyanide
Electron microscopy ( Figures 5 and 6 ) revealed an extensive, darkly stained ER network in the guinea pig thoracic aortic endothelium. The ER is continuous with the nuclear envelope (see Figure 6 ) and is distributed throughout the cytoplasm, including regions at the ends of the nucleus. This network frequently approached the surface caveolae or the noncaveolar plasma membrane, suggestive of surface couplings at both the luminal and abluminal endothelial cell surfaces. The distribution of the ER is consistent with the confocal microscopic localization of anti-RyR antibody binding (Figures 2 and 3) . Inspection of random multiple images showed that the fractional volume of the SR was smaller in the underlying vascular smooth muscle than in the aortic endothelium.
Northern Blot Analysis of Endothelial Cell RyR
Northern blot analyses performed on total RNA isolated from rabbit cardiac, bovine aortic endothelial cells, skeletal muscle, brain, and human umbilical vein rrn FIGURE 5. Electron micrograph ofguinea pig aorta postfLed with osmium ferrocyanide. The endoplasmic reticulum is darkly stainzed in the enfdothelial cell (arrows). Figure 7 ). Discussion We have demonstrated prominent staining of vascular and endocardial endothelial cells by an antibody generated to a skeletal muscle epitope (C-LEFDGLY-ITEOPGDDDVKGQ), which crossreacts with the cardiac muscle RyR, and confirmed the expression of RyRs by Northern blot analysis of endothelial cell RNA. The light microscopic distribution of endothelial immunofluorescence was compatible with that of the ER, as shown by electron microscopy of conventionally fixed9 and osmium ferrocyanide-infiltrated (present study) endothelium. The staining of the perinuclear space by the anti-RyR antibody is also consistent with the continuity of this space with the ER. The distribution of reactive sites is unlikely to be mitochondrial, as demonstrated by the differences between the pattern of fluorescence seen in tissue specimens labeled with rhodamine 123 and anti-RyR 8. The fluorescent antibody was also excluded from the nuclear matrix, an otherwise common site of nonspecific antibody binding. These findings indicate that the endothelial ER, in addition to possessing a Ca2±-ATPase30 that can accumulate divalent cations10 and release Ca21 through inositol 1,4,5-trisphosphate-gated channels,8,31 also contains a protein having homology to the RyR/Ca2'-release channel of muscle.
Unlike the skeletal RyR, which is localized to the triad regions of the sarcoplasmic reticulum and thought to be under voltage control of the transverse tubule dihydropyridine receptors, the RyRs of the endothelial cells are spread over the ER network. The RyR detected in endothelial cells displays immuno-cross-reactivity with an antibody that detects both the skeletal and cardiac isoforms; however, only background fluorescence is demonstrated when the endothelial cells are labeled with an antibody directed toward a skeletal musclespecific epitope. Northern blot analysis, with a cDNA probe that distinguishes between these two isoforms of the RyR, demonstrated that the endothelial cell form is more homologous to the cardiac isoform than the skeletal isoform. Ryanodine-binding proteins, some containing extensive functional homology to the muscle RyR, have already been identified in a variety of nonmuscle cells. [32] [33] [34] The function and identity of the putative endothelial RyR/Ca21 channel and its mechanism of activation remain to be established. 
